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ABSTRACT

The formulation and processing of a brittle polyurethane foam containing
triboluminescent powder additives is described. Two powder additives,
known to exhibit triboluminescence, were individually examined:
triethylammonium tetrakis (dibenzoylmethanato) europate
[NEt;H][Eu(DBM)4] and ordinary table sugar (sucrose, C;2H2,01;). In each
instance, the powders were mixed into the polyol component of the foam.
When combined with the isocyanate component, the resulting foams had
these powders incorporated into their cellular structure so as to induce a
triboluminescent response upon crushing during impact testing.

The triboluminescent response of foam specimens containing each of these
powder additives was characterized by measuring:

the time rate of change in the optical output (measured as Watts),

the peak optical output,

the total integrated output (Watt-seconds), during the impact event.

Foams containing the europate compound were found to yield several orders
of magnitude higher output when compared to the sugar-containing foam.

Strain rate and concentration of the powder (in the foam) were important
variables with respect to optical output. Both the peak and total
triboluminescent output increased with increasing powder concentration.
Peak output was also found to increase with increasing strain rate. However,
the total output was found to be roughly constant for a given concentration
regardless of strain rate (over the strain rate range: 20 sec’'< & < 150 sec™).
At very low strain rates, no triboluminescent response was measured.
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FLASHFOAM:
A Triboluminescent Polymer Foam for Mechanical Sensing

1. Introduction

Triboluminescence (indicated hereafter as: TL) has been well known for hundreds of years,
occurring in many materials as they are stressed to fracture. Walton, for example,
published a comprehensive review indicating that as many as 50% of all crystalline
materials may exhibit some form of TL behavior.' In the work reported below, we focus on
two TL materials used as powder additives: triethylammonium
tetrakis(dibenzoylmethanato) europate [NEt;H][Eu(DBM)4] (hereafter referred to as
Eu(Ill), a material known to yield a relatively intense TL response when fractured and
common, granulated table sugar (sucrose, Ci;2H220;;1). Triboluminesence in sugar arises
from the dielectric breakdown of air when the crystal is fractured. The non-
centrosymmetric crystal structure apparently allows for fracture planes to accommodate
predominantly electronegative or electropositive elements, which result in large voltages
across the new interface. The dielectric breakdown occurs and nitrogen (in the air)
fluorescence is the optical result. This explanation has been invoked by Sweeting and
Rheingold to explain the triboluminescence in the europate compound studied here.’

However, it is clear from other publications that the phenomena of triboluminescence
cannot be comprehensively understood from the simple explanation invoked for sugar, as
impurities can drive the emission in centrosymmetric structures.” Further, emission from
non-crystalline sources is common as well.*

With regard to the application of TL materials to damage sensing, work has been reported
where TL particulates have been incorporated into fully dense polymer resins.” In that
work, the intent was to capture the TL output at the point of fracture in the host polymer
subjected to point impact. That work demonstrated that above a threshold impact energy
(presumably, that required to propagate a cracking in the resin), a measurable optical signal
could be recorded. However, the output intensity was, by definition, extremely small since
the triboluminescent response was localized only to the single point of failure of the host
resin. None of the TL material away from the cracks in the polymer could contribute to the
TL output, since they suffered little or no mechanical damage. The authors speculate on
the prospect of coating an optical fiber with a TL material and then sensing a
triboluminescent response when the fiber fractures. Here too, the output will be small
relative to the amount of TL material used since once again the response is limited to the
plane of fracture in the fiber.



The concept proposed here is fundamentally different. By incorporating these materials as
powders into the cellular structure of a foam, the active triboluminescent material is
distributed evenly throughout a structure that uniformly collapses when deformed at high
rates. Therefore, all of the TL material can respond to the mechanical event. As a result,
the output sensitivity will be many times greater than that achieved on a monolithic, full
density structure that fractures only along a single crack. Other benefits derive from the
fact that the host foam can (1) be fabricated into any arbitrary shape or (2) be molded in-
situ to fill the free volume of existing structures and (3) that foams fail at lower impact
energy levels compared to solid materials. A last potential benefit derives from the fact
that since the parent foam is a structural material, in principle, it can even be incorporated
in the mechanical design of components.

For the foam/TL material to function satisfactorily, we believe that several requirements
must be met. First, the TL material must be a fine powder on the order of 5-20 um in
dimension. This is necessary so that the powder will be incorporated into the cell walls
and struts of the foam macrostructure. When subjected to an abrupt mechanical load, the
cell wall membranes and struts buckle, collapse and fracture. This mechanical response of
the foam leads to the second requirement; that the powder must be wetted by and well
bonded to the foam polymer resin. This is necessary in order to adequately transfer
mechanical load to the TL material. As the foam structure fractures, either of two things
may occur — the polymer/particle interfaces may separate or, the particles themselves may
fracture. In either case, it is the stress transmitted to the particles that trigger their
triboluminescent response. If the powder is not well bonded to the foam polymer, the
stress transmission to the particulate will be inefficient and TL response will likely be
reduced. The third requirement to be met involves the mechanical performance of the host
foam. A foam that exhibits superior impact toughness, will undergo a significant amount
of reversible cell wall/strut buckling. We believe that it is important to maximize the
relative amount of irreversible, catastrophic fracture in the foam struts and cell walls so as
to maximize the load transference and cracking to the TL constituent. To that end, a new
polyurethane foam was specifically formulated having minimum toughness under impact
conditions.

I1. Experimental

Eu synthesis

The europium compound was synthesized as per the literature.’

Brittle Foam Formulation

In order to maximize the triboluminescent response of the Eu(IIl) loaded structure, a new
polyurethane foam was formulated to insure uniform brittle fracture. The following were
combined in a container for hand mixing:



524 g - Glycerol (Aldrich Chemical),

522 g - Voranol 490 (Dow Chemical),

0.32g - DCI193 (Air Products and Chemicals, Inc.),
0.10g - Polycatl7 (Air Products and Chemicals, Inc.),
0.33 g - De-ionized water 18 (MQ)

These ingredients were thoroughly mixed with a spatula.
The isocyanate:
3945 ¢ - Rubinate 1680 (Dow Chemical)

was added to the resin mixture and immediately and thoroughly mixed with a spatula for 1
minute. The frothy liquid was then poured into another cup or mold as desired. After a
minimum of 15 minutes from the time of mixing, the foam was post-cured for
approximately 2 hours at 57°C.

Particle Loaded Foams

The same procedure as described above was used with the following modifications. The
appropriate amount of particulate [Eu(IIl), sucrose, etc.] was stirred into the previously
mixed resin prior to addition of the isocyanate.

Mechanical Testing

Cylindrical specimens (12.5 mm diameter x 21 mm long) were machined from foam
blocks. The nominal density of all specimens was 0.08 g/cm’. Specimens were tested in a
Dynatup 8250 Drop Tower impact tester (Instron Corp., Canton, MA). Figure 1a shows the
impact tester and at higher magnification, Figure 1b shows the specimen pedestal and
holder located on the base of the impact tester. A foam specimen and the plunger are also
shown outside of the holder. Specimens were placed in the holder and the flat-ended
plunger was rested on the top end of the specimen cylinder. The inner diameter of the
holder and the end of the plunger were polished to maximize reflectance. Clearance
between the plunger and holder ID was minimized (less that 50 um on the diameter) in
order to avoid light leakage (either in or out) within the fixturing. The plunger was struck
with the falling mass of the impact crosshead to compress the foam specimen. Data was
collected using the high-speed DAQ system supplied by the manufacturer and with a
Model LC564DL digital storage oscilloscope (LeCroy Inc., Chestnut Ridge, NY).

An optical fiber was used to gather and transmit light emitted from the foam during the
impact tests. The clad fiber can be seen in the slot at the bottom of the specimen pedestal



in Figure 1b. The 1 mm diameter plastic optical fiber was inserted into the bottom of the
specimen holder through a drilled hole. The bare end of the fiber was located about 0.2
mm above the bottom of the specimen holder cavity so that it penetrated just slightly into
each foam specimen. Away from the specimen, the fiber was coupled to a Series H5784-4
photomultiplier tum (PMT) and amplifier (Hamamatsu Photonics K.K.,Japan). The PMT
converted the optical signal to a voltage so that specimen output could be recorded on the
high-speed data acquisition system. The output of the PMT was calibrated using a diode
laser light source of known power (VLM2.35RL, O.5mW, Coherent, Inc., Auburn, CA).
Attenuation and coupling efficiency of the optical fiber was also measured using this same
light standard that was purposely diffused to mimic the diffuse light output of the foam.
TL output is reported as power (uW) into the optical fiber. We note that since light
reflections from the sidewalls into the fiber and attenuation by the foam polymer itself
could not be quantified, the reported light output values are to be taken as minimum
values.

The influence of strain rate on TL response was examined by varying the initial height of
the drop weight. In this way, strain rates from 20 sec” to 150 sec” were examined. A few
tests were done at extremely low strain rates on a SATEC EMP 22 conventional uniaxial
mechanical test frame (Instron Corp., Canton, MA). In this instance, the strain rate was
0.03 sec™.

II1. Results

Structure and Composition of the TL Materials

When precipitated from hot quiescent ethanol solutions, the morphology of the
triethylammonium tetrakis (dibenzoylmethanato) europate has a plate-like structure with
average particle sizes ranging between 50 um and 200 um. This morphology is not ideal
for the present purpose since the particles are too large on average to be incorporated into
the cellular structure of the foam. Alternatively, when precipitated from continuously
stirred ethanol, blocky, parallelepiped particles as shown in Figure 2 result. The major
axes of these particles range in dimension from approximately 5 um to 100 um. This size
distribution is preferable as it insures that the majority of the particulate will be
incorporated into the cell structure of the foam. At high magnification, Figure 2b reveals
that the individual particles have a layered or striated structure.

Figure 3 shows the structure of the foam with the incorporated Eu(Ill) compound. The
micrographs shown in Figure 3 are taken from a foam specimen fractured in tension. The
foam shown in Figure 3 contained 2 wt. % of the Eu compound. At low magnifications,
Figure 3a, the cell structure is indistinguishable to conventional unloaded structural
polyurethane foams.”® The foam is comprised of equi-axed cells and at the density of



interest, ~ 0.08 g/cm’, the cells are typically 300 pm to 500 um in diameter. None of the
powder additive was observed within the interior of the cells. At high magnification,
Figure 3b shows a Eu (IIl) particle embedded in a cell strut. The fracture surface of the
polymer strut is to the right of the particle and is easily differentiated from the fracture
surface of the Eu(Ill). The absence of a gap between the polymer and the particle on the
fracture surface is an indication of good bonding between the matrix and the powder. In
other particle-loaded foam systems poor bonding is manifested by the presence of pullouts
on the fracture surface where the powder additive has separated from the matrix as well as
large gaps between the additive and matrix.’

Energy dispersive spectroscopy (EDS) was used to confirm that the particulate material
embedded in the foam structure was the Eu powder compound. Figure 4 shows another
SEM micrograph of a fractured foam specimen. The associated spectra are taken from
within a fractured particle and immediately adjacent to the particle in the polymer strut.
The Eu peak is easily identified. Note that the gold and palladium peaks in each spectrum
are from the conductive metallization layer that is deposited on the fracture surface. This
film is required in order to image the non-conducting polymer foam in the microscope.

Mechanical and Optical Response of TL Powder Loaded Foams

Figure 5 shows the results of an impact test performed on an unloaded foam specimen used
as a control. Two traces are shown in this Figure. The broken trace shows the
compressive stress evolution during the impact event. Because the foam had a relatively
low density, little stress is generated during the early portion of the test. Only after a
compressive strain of approximately 0.6 does the stress begin to increase, peaking at a
value of 30-35 MPa, typical of polyurethane foams of this density (Refs. 7- 9) for
example). The impact tester was configured with safety stops so that the maximum
compressive strain that could be imposed on the specimen was approx. 0.8. As a result,
the stress drops abruptly beyond strains of this magnitude. That there is little or no
rebound of the plunger after impact indicates that the foam collapse is catastrophic and
irreversible. The solid trace shows the optical output of the foam as measured using the
PMT described earlier. As expected, no measurable light output was recorded.

Figure 6 shows the response of a foam specimen containing 1 wt. % of the Eu powder
additive. The stress-strain behavior of the foam is similar to that shown in the previous
Figure. In this instance there is measurable light output as the foam is crushed during the
impact event. There is a small light peak at low compression strain as the cellular structure
begins to collapse. However, the majority of the light output occurs at larger strains where
there is rapid increase in stress. This corresponds to the strain regime of maximum
mechanical damage to the foam structure. As the impact head engages the mechanical



stops and decelerates, there is an abrupt decrease in the light output corresponding to
unloading of the specimen.

Figure 7 shows the response of a foam specimen containing 4 wt. % of the Eu powder
additive. Once again, the mechanical response of the foam is similar to that shown in the
previous Figures. In this instance the peak load is somewhat lower than in either of the
previous two Figures, most likely the result of the foam having a slightly lower overall
density. However, the optical power is clearly sensitive to the loading fraction of the Eu
powder additive. Peak power is nearly threefold greater in Figure 7 than in the previous
figure. Total energy, that is, the time integrated power is also found to be dependent on
loading fraction of the TL powder as shown in Figure 8.

Strain rate is an important variable with respect to both the peak power and total energy
output. In the extreme case, Figure 9 shows the TL output for a loaded foam specimen
tested under quasi-static compression conditions. In this instance, the strain rate is three
orders of magnitude slower than the impact test rates show in the previous Figures. No
detectable light output was measured under these conditions. Figure 10 shows the strain
rate dependence for a series of foam specimens tested over a range of strain rates. The
loading fraction was constant for all specimens (2 wt. %). The data shown are the average
of three measurements at each strain rate and the error bars represent the standard
deviation. Notwithstanding the scatter in some of the data, the trend is clear, viz.,
increasing strain rate yields higher peak power while the total energy emitted remains
constant.

Lastly, a foam was fabricated with 10 wt. % addition of sugar as the TL powder. Typical
results are shown in Figure 11. While light output was detectable, the peak level was
exceedingly small, roughly a thousand-fold lower level than that for the Eu compound
when normalized for loading fraction. Because the level was so low, no additional tests
were performed with sugar as the active TL constituent.

IV. Discussion

Our initial attempts to prepare a TL foam involved adding the TL Eu(III) particles to an
existing rigid, water-blown polyurethane foam. When these foams were tested, only a
small amount of light was observed. We postulated that the foam was relatively tough and
that a more brittle foam would result in more complete fracture of the struts and walls
where the majority of the particles were located. The more brittle foam used here was
formulated by substituting some of the Voranol 490 polyol with glycerol. Glycerol is a
short triol with few freely rotating bonds between functional groups to dissipate energy
from an impact. As expected this new foam was more brittle than the initial foam and
when loaded with the TL particulate, light emission was considerably enhanced.



Figures 3 and 4 show that the TL powder additive was fully incorporated into the cell walls
and struts that comprise the porous foam structure. In order to realize an optical response
from the loaded foams, the triboluminescent powder embedded in the foam walls and
struts should fracture or debond as the foam is crushed during impact. The fracture surface
shown in Figure 3 reveals that the stresses required to macroscopically fracture the foam
were locally sufficient to fracture the individual TL powder particles. The fracture
surfaces of the loaded foam also reveal that in general, the embedded particles were well-
bonded to the polymer matrix. That is, there is little evidence of interface separation
between the Eu powder and the polyurethane matrix. Rather, in virtually all instances, the
stresses generated in the cell walls and struts during the catastrophic collapse of the foam
resulted in the fracture of the particulate additive. Thus, the three principal requirements
described earlier have been satisfied: 1) the powder additive is incorporated into the cell
structure of the foam, 2) the stresses generated in the foam during impact induces fracture
of the embedded particles and 3) the foam collapse is catastrophic and largely irreversible.

Figure 8 shows that the energy output scales linearly with loading fraction of the TL
additive. It appears, therefore, the amount of light output can be easily “tuned” by simply
adjusting the ratio of additive to foam pre-cursors during formulation. Figure 10 shows
that for a single loading fraction of the Eu powder, the peak output increases with strain
rate. This simply reflects the fact that the entire triboluminescent output is compressed
into a smaller time window at the higher strain rates. The figure also shows that the total
output (or energy) is nearly independent of strain rate. This indicates that, so long as the
stresses generated during impact of the foam are sufficient to cause particle fracture, nearly
all of the incorporated powder contributes to the TL output of a loaded specimen. At a
minimum, the fraction of particles contributing to light output is independent of strain rate.

V. Summary

A novel triboluminescent material consisting of a cellular polymer foam containing a
uniform distribution of triethylammonium tetrakis(dibenzoylmethanato) europate
particulate has been demonstrated. This material is straightforward to synthesize and
fabricate into simple geometries.

Strain rate and concentration of the powder (in the foam) were important variables with
respect to optical output. Both the peak and total triboluminescent output increased with
increasing powder concentration. Peak output was also found to increase with increasing
strain rate. However, the total output was found to be roughly constant for a given
concentration regardless of strain rate (over the strain rate range: 20 sec’'< & < 150 sec™).
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At very low strain rates, no triboluminescent response was measured. Thus the material is
most suitable for use in environments involving the need to sense abrupt impact.
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VIII. Figures
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Figure 1. a) Specimen pedestal and holder located on the base of the impact tester.

b) foam specimen and the plunger are also shown outside of the holder.
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Figure 2. Morphology of triethylammonium tetrakis (dibenzoylmethanato) europate  a)
When continuously stirred, blocky, parallelepiped particles precipitate from
solution. b) higher magnification reveals that the individual particles have a
layered or striated structure.
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Figure 3. Structure of the foam with the incorporated Eu(Ill) compound. a) At low
magnifications, the cell structure is identical to conventional, unloaded structural
polyurethane foams and is comprised of equi-axed cells that are typically 300
pm to 500 pum in diameter. b) Higher magnification reveals a Eu (III) particle
embedded in a cell strut.
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Figure 4. SEM micrograph of a fractured foam specimen. The associated spectra are
taken from within a fracture particle and in the immediately adjacent polymer
strut. The Eu peak is easily identified. Note that the gold and palladium peaks
in each spectrum are from the conductive metallization layer that is deposited
on the fracture surface.
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Figure 5. Impact response of an unloaded control specimen. The broken trace shows the
compressive stress evolution during the impact event. Stress drops abruptly
beyond strains of 0.8 because of the configuration of the safety stops on the
impact tester. The solid trace shows the optical output of the foam as measured
using the PMT.

16



--------- Stress Output
40 T T T I T T T I T 1 T I T T 1 ] 1 T T 0.04
[ Impact Response -
- Eu Powder Loaded Foam @ 1 wt.%
301 Strain Rate = 60 sec™ 10.03
g | ]
g Ll | d
w 201 i 4002 §
* - i) . =
@ =
= .- S
n - i =
101 -0.01
e L : 1o
0 0.2 0.4 0.6 0.8 1

Strain

Figure 6. Impact response of a foam specimen containing 1 wt. % of the Eu powder
additive. The stress-strain behavior of the foam is similar to that shown in the
previous Figure. Measurable light output is first recorded at the onset of impact
as the cellular structure begins to collapse. The majority of the light output
occurs at larger strains corresponding to the strain regime of maximum
mechanical damage to the foam structure.
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Figure 7. Impact response of a foam specimen containing 4 wt. % Eu powder. The optical

power is clearly sensitive to the loading fraction of the Eu powder additive.
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Figure 8. Time integrated power is found to be dependent on loading fraction of the TL
powder.
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strain rates. The loading fraction was constant for all specimens (2 wt. %).
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Figure 11. Impact response of a foam specimen containing 10 wt. % sugar as the TL
powder. While light output is detectable, the peak level is exceedingly small,
roughly a hundred-fold lower level than that for the Eu compound when
normalized for loading fraction.
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